Abstract: Rift Valley fever (RVF) is an emerging transboundary, mosquito-borne, zoonotic viral disease caused high morbidity and mortality in both human and ruminant populations. It is considered an important threat to both agriculture and public health in African and the Middle Eastern countries including Egypt. Five major RVF epidemics have been reported in Egypt (1977Egypt ( , 1993Egypt ( , 1994Egypt ( , 1997Egypt ( , and 2003. The virus is transmitted in Egypt by different mosquito's genera such as Aedes, Culex, Anopheles, and Mansonia, leading to abortions in susceptible animal hosts especially sheep, goat, cattle, and buffaloes. Recurrent RVF outbreaks in Egypt have been attributed in part to the lack of routine surveillance for the virus. These periodic epizootics have resulted in severe economic losses. We posit that there is a critical need for new approaches to RVF control that will prevent or at least reduce future morbidity and economic stress. One Health is an integrated approach for the understanding and management of animal, human, and environmental determinants of complex problems such as RVF. Employing the One Health approach, one might engage local communities in surveillance and control of RVF efforts, rather than continuing their current status as passive victims of the periodic RVF incursions. This review focuses upon endemic and epidemic status of RVF in Egypt, the virus vectors and their ecology, transmission dynamics, risk factors, and the ecology of the RVF at the animal/human interface, prevention, and control measures, and the use of environmental and climate data in surveillance systems to predict disease outbreaks.
Introduction
Rift Valley Fever (RVF) is an acute, arthropod-borne viral disease of sheep, goats, cattle, camels, and humans caused by single-stranded ambisense RNA virus, that belongs to the genus Phlebovirus, the family Phenuiviridae and the order Bunyavirales [1] [2] [3] . The virus genome is tripartite RNA that contains three segments; large (L), medium (M) and small (S) [4] . The L-segment encodes the viral polymerase (L protein) [5] . The S-segment translates into nucleoprotein and a non-structural protein (NSs) that determine the virus virulence [6, 7] . The M-segment encodes two envelope glycoproteins, Gn and Gc, and two uncharacterized polypeptides (NSm1, and NSm2) [8, 9] .
Rift Valley Fever disease was first identified in sheep in the Rift Valley province of Kenya in 1931 from which it was named [10] . RVF is considered to be one of the most important zoonotic viral Figure 1 . The RVF virus tripartite RNA genome structure. S-segment encodes for nucleoprotein (N) and a non-structural protein (NSs) that determine the virus virulence. M-segment encodes two envelope glycoproteins, Gn and Gc, and two uncharacterized polypeptides (NSm1, and NSm2). Lsegment encodes L protein (viral polymerase).
Epidemiology of RVF

RVF Disease Host Susceptibility
The most susceptible hosts to RVF infection are sheep, goats, lambs, cattle, buffaloes, some wild animals, and mice [1] . Camels may play an important role in the entrance and maintenance of RVFV in Egypt as camels enter Egypt via Sudan without any virological investigation or even a period of quarantine. Abortion storms in camels have been reported during RVF outbreaks in Egypt [26] , and the virus was isolated from healthy and naturally infected camel blood. Interestingly, the importation of camel and sheep from Sudan was considered the main source of the RVF during the first Egyptian outbreak in 1977 [27] . Additionally, horses, pigs, fowl, and guinea pigs are resistant to RVFV infection. Especially during livestock outbreaks, RVFV caused serious disease in humans [28] . The age of the animal plays an important role in an animal's susceptibility to a severe form of RVF [29] . For example, the mortality rate in lamb and adult sheep was 90% and 20-60%, respectively, while the abortion in pregnant ewes can reach 100% [30] . The disease was less severe in cattle and camels with a 10-30% mortality rate and the abortion rate in pregnant cows was 30-40% [31] .
Risk Factors
RVF outbreaks in Egypt are associated with: (1) the importation of a large number of animals, especially the Sudanese dromedary camels via Sudan during the religious feasts (Sacrifice Feast), (2) environmental influences such as rainfall, and river discharge, which are considered important risk factors for RVF outbreaks in both animals and humans, (3) the availability of mosquito habitats due to the presence of the River Nile, (4) the high prevalence of different mosquito species that transmit the RVFV in Egypt, (5) recent RVF activity and vaccine usage, and (6) the consumption or handling of products from sick animals. The risk of human infection with RVF has increased in several occupational groups such as veterinarians, farmers, butchers, and animal handlers [32] . The RVF virus tripartite RNA genome structure. S-segment encodes for nucleoprotein (N) and a non-structural protein (NSs) that determine the virus virulence. M-segment encodes two envelope glycoproteins, Gn and Gc, and two uncharacterized polypeptides (NSm1, and NSm2). L-segment encodes L protein (viral polymerase).
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Risk Factors
RVF outbreaks in Egypt are associated with: (1) the importation of a large number of animals, especially the Sudanese dromedary camels via Sudan during the religious feasts (Sacrifice Feast), (2) environmental influences such as rainfall, and river discharge, which are considered important risk factors for RVF outbreaks in both animals and humans, (3) the availability of mosquito habitats due to the presence of the River Nile, (4) the high prevalence of different mosquito species that transmit the RVFV in Egypt, (5) recent RVF activity and vaccine usage, and (6) the consumption or handling of products from sick animals. The risk of human infection with RVF has increased in several occupational groups such as veterinarians, farmers, butchers, and animal handlers [32] .
RVFV Vectors and Transmission Cycle
RVF virus has been isolated from several vectors including mosquitoes, ticks, and other flies [33, 34] . There are about 19 culicine mosquito species that are distributed in different Egyptian provinces and are considered the main vector and source for RVFV transmission [32] . Mosquito genera such as Aedes, Culex, Anopheles, and Mansonia can transmit the virus [35] . The vectors of RVF virus are classified into maintenance vectors (Aedes) and amplifying vectors (Culex) [1] . Aedes species present in temporary flooded ground pools can acquire the infection through feeding on infected animal's blood. The virus can survive on eggs of Aedes mosquitoes during inter-epizootic periods [36] . The eggs then require a period of dehydration, and they hatch into young virus-infected mosquitoes after heavy rainfall [1] . The Culex mosquitoes are involved in the transmission cycle once the virus is transmitted and replicated in host animals [36] . Both Cx pipiens and Cx antennatus are considered as natural vectors of RVF virus.
Notably, each of RVF epidemics in Egypt was caused by a different mosquito species. For example, during the epidemic of 1977, Cx. pipiens and Cx. antennatus were involved in the transmission of RVFV in El-Sharquiya province [37] ; while during the 1993 epidemic, Ae. caspius acted as the primary RVFV vector; however, Cx. pipiens, Cx. antennatus, and Cx. perexiguus were also involved in this epidemic [38] . Ae. caspius, Cx. perexiguus, Cx. pipiens and Cx. antennatus were estimated to transmit 20%, 11%, 7%, and 7% of the RVF infection, respectively [39, 40] . Most of the mosquitoes that transmitted RVFV during the 1993 epidemic were zoophagic rather than anthropophagic that fed on large animals (bovines, ovines, and equines) rather than humans [37, 40] . Additionally, during the 2003 epidemic, six species of mosquitoes were involved in the virus transmission in Kafr El-Sheikh province (Cx. antennatus was the predominant species; 95.8%). However, the entomologic investigations characterized three RVFV isolates out of 297 tested female mosquito's pools, and all three cases came from Cx. antennatus. It was considered the first report for natural infection of Cx. antennatus [41] .
There are two existing cycles of RVFV perpetuation in nature: (1) an enzootic cycle that occurs in the enzootic area of Africa during normal rainfall and (2) epidemic-epizootic cycle. During the first cycle, RVFV is present in a silent infection cycle emerges after rainfall to start the disease epizootics again. During this cycle, the Aedes mosquitoes transmit the virus vertically to their offspring. During the epidemic-epizootic cycle, the mosquitoes transmitted the virus transovarially. This cycle occurs during abnormal heavy rainfall and flooding of dams. The Culex mosquitoes distribute the virus and induce the emergence of outbreaks. [36] . The transmission cycle of RVF among animals, humans, and vectors is shown in Figure 2 . 
Mode of RVF Virus Transmission to Humans
Humans can acquire RVFV infection via a bite from an infected mosquito, contact with infected blood, tissue or body fluids. Infection can also occur during the killing, skinning, and cutting of infected animals, contact with the contaminated placenta, fetal and maternal blood of aborted animals, and consumption of raw milk or uncooked meat from infected animals [15] .
Rift Valley Fever in Animals
Abortion storm is the main characteristic feature of RVF in pregnant animals. Infected animals might abort at any stage of gestation period due to the direct effect of the virus on the fetus; the abortion rate can reach 100% [1] . Morbidity and mortality rates vary according to the age and the species of animals. The mortality rate ranged from 70% to 100% in young animals [42] . In young animals the disease is associated with fever, anorexia, and ultimately death; whereas in adult animals, it varies from in-apparent form to acute form and is characterized by fever, weakness, bloody diarrhea, and vomiting [43] .
Rift Valley Fever in Humans
RVFV infections in humans are asymptomatic or self-limiting [1, 44] . The RVF disease starts after 4-6 days of an incubation period accompanied by some symptoms that include fever, chills, weakness, headache, as well as joint and muscle pain. These symptoms are followed by jaundice, 
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Rift Valley Fever in Humans
RVFV infections in humans are asymptomatic or self-limiting [1, 44] . The RVF disease starts after 4-6 days of an incubation period accompanied by some symptoms that include fever, chills, weakness, headache, as well as joint and muscle pain. These symptoms are followed by jaundice, painful eyes, diarrhea, vomiting, and insomnia [14, 45, 46] . RVFV infection is also associated with bleeding, low hemoglobin concentrations, lower platelet counts, rash, and malaise [17] . Approximately 1-2% of the cases suffer from severe complications that include: (1) neurological complications such as headache, irritation, confusion, coma encephalitis, and visual hallucination [46] , (2) ocular complications including retinitis and vision loss [47] , and (3) hemorrhagic fever with liver abnormalities which are characterized by fever, myalgia, and severe hemorrhage from mucous membrane [48] . There is a significant association between miscarriage in pregnant women with fevers and acute RVFV infection [17] .
Endemicity of RVF Virus in Egypt
RVF is an endemic disease with a great economic impact in Egypt. There are several major factors that control the circulation and persistence of RVFV in Egypt, which are directly associated with One Health approach:
Vector-Associated Factors
The presence of an appropriate environment for the multiplication and growth of the vector mosquito, the wide distribution of mosquitoes in the Nile Valley and Delta with the absence of effective vector control programs that can interrupt the transmission cycle of the virus between arthropods and vertebrate hosts [2] , and vertical transmission of the virus from female mosquitoes to their offspring. RVFV is transmitted by several species (more than 30 species) of mosquitoes that already present in Egypt [49] .
Host-Associated Factors
Keeping the domestic animals in close contact with households, handling freshly slaughtered infected sheep meat, and a lack of public health education, has resulted in massive losses of human lives during RVF outbreaks. Additionally, other factors can increase the risk of human RVF infection, such as age (old more than young), sex, occupation (through contact with animal blood or body fluids), water, nutrition, socioeconomic status and poor sanitation [50, 51] . The presence of host animals in Egypt such as camels, wild animals, and unvaccinated susceptible livestock [37] , the continuous importation of animals, especially camels, from Africa, Sudan, and enzootic countries [37] , and the slaughtering of sick animals for human consumption, which can easily spread RVFV infection via infected meat [52] contribute to RVF infection in humans.
Environmental and Climate Factors
The environment and climate directly impact how, when and where humans, animals, and vectors live and thrive. The presence of an appropriate environment for multiplication and growth of vector mosquito species, such as the presence of water ponds in the Egyptian villages, which can serve as a suitable environment for the breeding of mosquitoes, and the blood feeding habit of the vectors on sheep blood, an important reservoir host of RVFV, impact RVF transmission. Past outbreaks of RVFV have been associated with periods of heavy rainfalls. Fluctuations between drought and heavy rains in Egypt, leading to water collection near homes that serve as a suitable environment for mosquitoes breeding and make it easier to feed without flying so far from breeding sites, have contributed to RVFV outbreaks. The geographical location of Egypt in Africa and in the center of the Middle East maintains the endemicity of the disease; Egypt serves as a focal point that transmits the RVFV disease to Europe and Asia.
Additional Factors
The vaccination of RVF using RVF live attenuated vaccine (Smithburn's strains) and an inactivated vaccine, which gave partial protection, alteration between vaccination programs (between inactivated and live vaccine) [53] , and uncontrolled field trials of RVFV live attenuated strain, resulted in contamination of the environment, further influence RVFV transmission [52, 54] .
Epidemics of RVF in Egypt (Major Outbreaks)
Five major RVF epidemics were reported in Egypt; 1977 -1978 , 1994 , 1997 , and 2003 ( Figure 3 , Table 1 
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The 1st Outbreak (1977)
The largest epizootic outbreak in Egypt resulted in severe losses (200,000 human infections and 600 deaths). During this epidemic, the virus was not only isolated from humans, but also from domestic animals, and rats (Rattus rattus frugivorous). During this outbreak, the first reported case was in Belbies, a city in El-Sharquia province in a man who suffered from an acute febrile dengue-like illness [52] . Previous studies suggested that the Egyptian troops who returned back after a peacekeeping mission in Congo might have transmitted the disease to the Belbies city because the outbreak appeared later in the same place [56] . Other studies suggested that RVFV was introduced to Egypt via the importation of infected animals, especially camels from Sudan, through the Aswan province [27] . However, a recent study confirmed that the Egyptian circulating strain was introduced from Zimbabwe as they are antigenically close related to RVFV strains that isolated from Zimbabwe in 1974 [55, 59] . Most of the RVFV isolates were obtained from sheep, whereas only single isolate was obtained from each of other tested species such as cows, camels, horses, goats, and rats [52] . Massive human losses during Egyptian first RVF outbreak were due to: (1) a lack of the public background about the RVFV infection in Egypt, including clinical signs, vector, risk factors, and mode of transmission, (2) insufficient health education programs in Egypt about the RVFV and the required actions during outbreaks, (3) the absence of One Health program to control the disease, and (4) the high susceptibility of children and immunocompromised patients to RVFV infection. The disease reappeared again in the Aswan province of Egypt in 1983, and the reported seroprevalence in buffaloes, sheep, cattle, camels, goats, and equines were 35.3%, 22%, 14%, 7.3%, 6%, and 5.3%, respectively [57] .
The 2nd Outbreak (1993)
This outbreak was recorded in the Aswan province with abortion storms in cattle, buffaloes and visual impairment in humans [60] . During this outbreak, the infection spread from the South to the North of Egypt in most of the Nile Delta and El-Faiyum provinces [27] . RVF was reported by the Animal Health Research Institute (AHRI) in animal farms located in Damietta province that used the live attenuated RVFV vaccine 20 days before the occurrence of the outbreak. Interestingly, the isolated viruses from the 1977 and the 1993 epidemics were phylogenetically similar [59] . This means that the virus was either reintroduced in 1993 from the same source (Sudan) or remained endemic between the two outbreaks. The RVF symptoms were detected by the Egyptian General Organization for Veterinary Services (GOVs) in imported pregnant cows and calves from South Africa after vaccination with the RVF live attenuated Smithburn vaccine.
The 3rd Outbreak (1994)
During this outbreak, RVFV has been isolated from 139 (31.7%) cattle and 84 (57.1%) sheep from Kafr El-Sheikh and El-Beheira provinces. The vaccination program using the locally produced or imported live attenuated Smithburn RVF vaccine failed to protect animals against RVF during this outbreak due to inadequate vaccination coverage [62] .
The 4th Outbreak (1997)
This outbreak has occurred three years later to the previous epizootics in 1994, indicating the absence of an effective control and the failure of the vaccination program in Egypt using the live attenuated Smithburn strain vaccine during the previous outbreak. This outbreak began in Upper Egypt with abortion rates of 60-70% and 30-40% in pregnant ewes and cows respectively. The reported mortality rate was 50-60% in young lambs, 25-35% in adult sheep, 25-30% in calves and 10-20% in adult cattle [52] . A concurrent infection of theileriosis was reported with RVF infection on a dairy cattle farm in the Assiut province [52] .
The 5th Outbreak (2003)
During this outbreak, RVF infection appeared in four Egyptian provinces located in the Nile Delta, including; Kafr El-Sheikh, El-Dakahliya, El-Beheira, and El-Sharquiya. The seroprevalence of RVF in 101 veterinary samples collected from Kafr El-Sheikh province was 10.4% and 5% in cattle and sheep, respectively [41] . Interestingly, this province was considered the main market for livestock animals in Egypt, where animals were collected from all Egyptian provinces. This was considered as a predisposing factor for this outbreak [41] . Additionally, acute febrile illness was recorded in Egyptian hospitals in 9 provinces with 29 confirmed RVF cases (out of 375 tested human samples). The highest prevalence of RVF (7.7%) was observed in Kafr El-Sheikh province [41] . The Naval Medical Research Unit No.3 (NAMRU-3) in Egypt confirmed that all cases were isolated from Egyptian farmers. The NAMRU-3 provided assistance during this outbreak based on a request from the Egyptian Ministry of Health and the WHO. However, the WHO reported an increase in RVF suspected cases in Kafr El-Sheikh province by active surveillance [63] . Further, the AHRI isolated RVFV from Damietta province during the same year. Three isolates were recovered from 297 tested pools of female mosquitoes, and all of them were isolated from Cx. Antennatus [41] .
Since 2008
There has been no routine surveillance system for RVFV since 2008 and only sporadic investigations by veterinarians were recorded. Recently, a surveillance study has been conducted in several provinces in Egypt using different diagnostic methods [64] . The researchers found that the highest antibody level against RVF was detected in vaccinated cattle, buffaloes, sheep, and goats using serum neutralization test (SNT), agar gel precipitation test (AGPT), and enzyme linked immune sorbent assay (ELISA) from El-Menofia and Marsa Matrouh province with prevalence ranged between 68-80% and 80-93%, respectively. However, the lowest levels of antibodies (8.9-17.8%) were reported in vaccinated sheep from El-Qalubia province. The researchers also reported the prevalence of RVFV among non-vaccinated cattle, buffaloes, sheep, goats, and camels. They found that the coverage rates against RVFV were 2.8-4.8%, 10-15%, 14-19%, and 24-30% in El-Qalubia, Kafr El-Sheikh, El-Dakahlia, and El-Sharquia provinces, respectively [64] .
Furthermore, antibodies against RVFV during the inter-epidemic period (2014 to 2015) were detected using different diagnostic methods such as ELISA, virus neutralization test (VNT), and indirect immunofluorescence assay (IIFA). The investigated animals (sheep, goats, buffaloes, and camels) were non-vaccinated, born after the last recorded Egyptian RVF epidemic in 2003, and were not imported from RVF endemic countries. The seroprevalence was 0%, 0.5%, 3.2%, and 5.9% in goats, sheep, camels, and buffaloes with total seroprevalence of 2.3% in all tested animals. This indicated the presence of a new RVF epidemic [65] .
RVFV Surveillance in Egypt
Surveillance is the collection of information to help decision-makers take the appropriate actions to control RVFV. RVF surveillance activities include forecasting, early warning, and risk indicators, raising awareness, a reporting system, outbreak investigations, environmental surveillance, vector surveillance, and sentinel herds. The presence of several RVF outbreaks in Egypt was attributed to the lack of regular surveillance. Additionally, control of RVFV in Egypt is also limited due to difficult vector control, the absence of licensed human vaccine in Egypt, and availability of either inactivated vaccines with limited efficacy or live attenuated vaccines with reversion to virulence, and abortion storms in pregnant animals [66] . The best ways to prevent the entrance of RVF to Egypt or maintenance of RVF infection are; the developing and enhancing the regional monitoring system, establishing early warning and detection system, and using the One Health approach, which might help in the disease prediction and detection in animals before it is transmitted to humans. Egyptian veterinary authorities tried to apply these measures to prevent the introduction and spread of RVFV; however, some deficiencies still exist [52] . They are required to assess risk, build risk-targeted surveillance, and response capacity. Major RVFV outbreaks in animals precede human epidemics so the surveillance system of the disease should be started by One Health decision makers six months before the occurrence of the first human case [67] . There are some indicators of an RVF outbreak such as: (1) climatic change, (2) heavy prolonged rainfalls, (3) presence of widespread flooding, (4) increase mosquitos' populations, (5) outbreaks of human febrile disease, and (6) hospital confirmed human case [68] .
There are three surveillance methods for RVF based on OIE definition: (1) syndromic surveillance which is based on the detection of clinical cases or disease patterns. It depends on the presence of abortion storms in ruminants with early deaths (in lambs, kids or calves) especially during the presence of surface flooding following heavy rainfalls, (2) participatory surveillance which detects the best methods that help people to identify, solve their health needs and understand the risk perception with a greater involvement of animal owners in RVF disease surveillance. Participatory epidemiology is used in disease surveillance, risk assessment, disease control, disease recovery, prevention of reinfection, project development and epidemiological research. Participatory epidemiologists have developed qualitative risk maps as a first step for the RVF disease control, and (3) risk-based surveillance, which is surveillance of locations, populations, and periods with increased disease threats. It is aimed to detect disease rapidly and result in better use of resources. Risk-based surveillance uses quantitative or qualitative information (developed within several hours) that help in disease control [68] .
Notably, many actions have been taken by the Egyptian Ministry of Health (MOH) before, during and after RVFV outbreaks which were considered as part of One Health approach such as: (1) testing of imported animals, (2) quarantine and vaccination of imported animals, (3) vaccination of susceptible animals before and during outbreaks occurring in humans, (4) RVFV disease notification, (5) daily reporting of RVF and encephalitis cases in humans, (6) surveillance and regular visits to fever and ophthalmic hospitals, (7) training of health care specialists on the early detection and management of RVFV cases, (8) providing the required diagnostic and research institutes with RVFV diagnostic tools, and (9) collaboration with the GOVs to evaluate the RVFV preventive programs [26, 32] .
Vaccination and Vaccine Development
Outbreaks of RVF indicated that human RVF infections were caused by contact with infected livestock, which is considered as an intermediate host between the vector and the humans [69] . Therefore, routine vaccination is considered as the cornerstone in controlling RVFV infections in animals in endemic countries to prevent human infections, socioeconomic loss, and disease outbreaks. The humoral immunity is sufficient for the protection against RVF infections [70] , and the importance of cell-mediated immunity is still unknown. For example, the newborn lambs can acquire protection against RVF through the colostrums of immunized ewes [71] . There are no licensed vaccines for humans in Egypt, while there are three licensed veterinary vaccines used to protect ruminants against RVFV infections, including one live attenuated virus vaccine, and two inactivated virus vaccine. The ideal RVF vaccines must be efficient, safe, stable, elicit a rapid humoral immune response, induce long-term protection, and have low cost. Most of the RVFV vaccines are experimental and have only been tested in laboratory animals.
Inactivated RVFV Vaccines
The first RVF vaccine was formalin-inactivated and was developed from RVFV Entebbe strain (NDBR103), isolated from Uganda mosquitoes via 176 intraperitoneal or intravenous serial passages in mice, then 184 passages in green monkey kidney cells [72] . Interestingly, the NDBR103 vaccine was used for human vaccination in 1977 [73] . It was also used for 963 UN soldiers who received the vaccine administered subcutaneously (s/c) in three doses at 0, 7-10, and 28-30 days. The immunized soldiers exhibited good antibody titers, which reached its peak at six weeks post-vaccination [74] . The formalin-inactivated vaccine prepared from primary rhesus or African green monkey kidney cells is more immunogenic than vaccines prepared from chicken embryo cell culture [72] . TSI-GSD200 is a new generation of formalin-inactivated RVFV vaccine manufactured by USAMRIID via two passages of Entebbe strain in diploid cells (FRHL-2 cells) of the fetal rhesus monkey lung cells [73] . This vaccine was used for vaccinating service troops by three s/c injections on days 0, 7, and 28, followed by a single booster dose after six-months. The vaccine produces a 1:237 neutralizing antibody titer and induced long-term immunity in vaccinated humans with primer and booster doses [75] . Recently, formalin or binary ethylenamine inactivated RVFV vaccine was prepared only for veterinary use via passage on baby hamster kidney (BHK-21) cells [73] . The NDBR 103 and TSI-GSD 200 vaccines caused swelling, erythema, tenderness, or pain at the site of inoculation without systemic febrile reaction [71] . Interestingly, the Veterinary Serum and Vaccine Research Institute (VSVRI) in Egypt developed another formalin-inactivated vaccine from Egyptian RVFV strains that were isolated from the 1977 outbreak (ZH501). The virus was propagated in BHK-21 cells, inactivated with 0.5% formalin with aluminum hydroxide adjuvant, and used only for animal immunization in Egypt [76] . Repeated immunization and high cost are the main disadvantages of inactivated vaccines [73] .
Live-Attenuated RVFV Vaccines
Smithburn Vaccine
The Smithburn live attenuated RVFV vaccine is one of the oldest and widely used vaccines for the control of RVF infections in Egypt. It was isolated in 1944 in Uganda from a mosquito Eretmapodites spp. The neurotropic RVFV strain was generated in South Africa between 1953 and 1985 via 102 serial passages in mouse brain, 54 passages in embryonated chicken egg and another 16 passages in mouse brain. In 1958, only 103 serial passages were performed for the RVFV in mouse brain and elicited better protection [59] . Since 1971, this vaccine has been propagated via passages in BHK-21 cells to produce modified live virus vaccine (MLVV) for the vaccination of livestock in susceptible African countries, such as South Africa, Kenya, Saudi Arabia and Egypt [71] . The same virus was used to produce live-attenuated vaccines in Kenya and Egypt in 1960 and 1994 respectively. In spite of its potency and low cost, the Smithburn vaccine has several disadvantages including residual pathogenicity, abortions, fetal malformations, and reversion to virulence. Therefore, the live attenuated vaccine is prohibited to be used in pregnant animals and restricted to be used in the RVFV free countries [76] . There is also a possibility of reassortment when the vaccine used during outbreaks, leading to increased diversity of the virus [9] . This vaccine has been reported to cause pathological changes in liver of kids and abortion in pregnant ewes. Therefore the researcher has concluded that it is not safe to be used in Egypt which considered an endemic area [54] . The Smithburn vaccine provides protection after a single administration and induces long-lasting protective immunity against RVFV.
MP-12 Live Attenuated Vaccine
The MP-12 vaccine was developed by the U.S. Army Medical Research Institute of Infectious Diseases (USAMRIID) for both human and veterinary use via 12 serial passages of the virulent ZH548 and ZH501 strains, isolated from Egyptian patients in MRC-5 cells in the presence of chemical mutagens (5-fluorouracil). MP-12 is temperature sensitive and carries redundant mutations in all three genomic segments of RVFV [77] . Furthermore, reassortants between the wild-type strain and MP-12 showed that these segments contribute to the attenuation of MP-12 virulence in mice [78] . The reassortant strains contain one attenuated and two virulent segments that considered to be attenuated, therefore, the reassortment between wild-type virus and vaccine strain might produce an attenuated virus that protects against RVF [78] . The MP-12 vaccine was evaluated in pregnant ewes at 70-100 days of gestation. Interestingly, MP-12 did not induce abortions, fetal abnormalities or virus shedding in milk when administered after 3 months of gestation. Only some lamb losses (about 4%) were aborted when the MP-12 vaccine was administered at the early stage of pregnancy [79] . This induces neutralizing antibodies from 1:80 to 1:320 titers, and the newborn lambs acquire more than 1:80 neutralizing antibodies after they are fed colostrums via the passive transfer of maternal antibodies. The MP-12 vaccine was also evaluated for human use in Rhesus Macaques and produced protective antibody titers (≥1:40) against challenge test with RVFV ZH501 strain [80] . Generally, MP-12 has the ability to produce antibody titers sufficient to protect the animals against RVFV infection and there is a potential beneficial effect of immunizing pregnant animals to obtain protection in newborns. The MP-12 vaccine contains virulent NSs gene and can cause abortions and fetal abnormalities, but the vaccine is well tolerated, safe, and immunogenic when administered at an adequate dose. The MP-12 vaccine gave promising results when evaluated in more than 100 human volunteers [71, 81] .
Naturally Attenuated Clone 13 Vaccine
The natural deletion of 549 nucleotides (70%) of the NSs gene (the main virulence factor), leads to the development of attenuated clone 13 vaccine. This vaccine is a plaque-derived clone, isolated from immunocompetent patients infected with 74HB59 RVFV strain from the Central African Republic [82, 83] . Clone 13 vaccine is highly potent (equivalent to Smithburn vaccine), safe, causes no abortions or teratogeny in immunized pregnant ewes [84] [85] [86] , and did not cause detectable viremia in vaccinated ruminants, which reduces the risk of virus transmission to the fetus or to mosquito vectors [84] . However, neurological signs in experimentally vaccinated mice were reported [87, 88] , suggesting that the vaccine is not completely harmless. Further, administration of the pregnant ewes with an overdose of Clone 13 vaccine in the first trimester, allowing the vaccine to cross the placental barrier, leading to fetal malformations, and stillbirth [89] .
Clone 13 vaccinated animals can be easily differentiated from naturally infected animals using DIVA test, as the immunized animals do not elicit antibodies against the deleted antigen (NSs). The mutant virus is unable to replicate efficiently in vaccinated animals and does not produce a long-term immune response, which is the main disadvantages of the vaccine. The Clone 13 vaccine has been licensed in some countries, including South Africa, Kenya, Botswana and Namibia [73] . Furthermore, CL13T, a thermostable clonal isolate of Clone 13 has been developed. This vaccine was safe and immunogenic in sheep, cattle, goats and pregnant camels [90, 91] .
The reassortment of clone-13 and MP-12 vaccines via passage together on Vero cells resulted in the presence of live attenuated R566 vaccine. This vaccine contains S-segment of the clone-13 virus with an attenuated mutation in M-and L-segment of the MP-12 virus [49] . This vaccine induced partial protection and still needs numerous improvements.
Recombinant Virus Vaccines
Virus-Vectored vaccine
There are many virus vectors that have been identified as vaccines for controlling RVFV. For example, heterologous vectors expressing Gn and/or Gc glycoproteins and non-structural proteins of RVFV and they include: (1) Vaccinia virus Copenhagen strain (Vco) devoid of the virulent gene, which expresses Gn and Gc of RVFV, elicit protective antibody titers, and is highly safe in mice, primates, and ruminant [92] , (2) Lumpy skin disease virus (LSDV) which was experimentally evaluated in South Africa as a vector for RVFV glycoproteins and can generate neutralizing antibodies against LSDV, RVFV, and sheep poxvirus (which is closely related capripoxvirus) [93, 94] , (3) Chimpanzee adenovirus construct vector (ChAdOx1-GnGc) which also carry Gn and Gc of RVFV can induce humoral and cell-mediated immunity and provided complete protection against RVFV infection in ruminants [95, 96] , (4) Modified Vaccinia virus Ankara (MVA) which express RVFV envelope glycoproteins Gn and Gc and showed efficacy in murine models [97] , (5) Recombinant New Castle disease virus (NDV) that was evaluated in calves and induced neutralizing antibodies in sheep after two doses [98, 99] . Sheep and cattle are not the natural hosts of Newcastle virus, leading to the absence of preexisting neutralizing antibodies in vaccinated animals, which is the main advantage of NDV vectored-vaccine, (6) alphavirus (Sindbis) replicon vaccine, which exhibited 100% protection against RVFV in mice, and augmented RVFV neutralizing antibody responses in sheep [100] , and (7) equine herpesvirus type 1 (EHV-1) vector vaccine, which induced RVFV neutralizing antibody titers in sheep [101] . Recombinant RVFV vaccines lacking NSs and NSm proteins can overcome fetal malformations and abortions [102] . The Virus-vectored vaccine possessed high efficacy and safety in both pregnant and non-pregnant sheep [102] .
Plasmid DNA Vaccine
Plasmid DNA vaccines have been used against some pathogens when scientists discovered that naked DNA could be transferred into tissue and express the antigen [103] . DNA vaccines encoding a protective antigen with a strong promoter can be used to express protective proteins [104] . Administration of plasmid DNA vaccine is usually via intramuscular, intradermal, or mucosal routes and reaches the host cells via endocytic vesicles, membrane pores, or mediated receptors [105] . Inside the cells, DNA is transferred to the nucleus and is presented to the immune system [106] . A DNA vaccine was developed from plasmid encoding, Gn and Gc of RVFV, Hantavirus, Crimean-Congo hemorrhagic fever virus, and preM and E genes of tick-borne encephalitis virus [107] . The DNA vaccine combination produced protective antibodies against RVFV infection in mice; whereas DNA vaccine expressing Gn and Gc exhibited a 20% survival rate in mice [94] . This vaccine is stable, suitable for use in tropical countries and has variable efficacy based on gene gun immunization of mice with a plasmid carrying G1 and G2 of RVFV [107, 108] . The low immunogenicity of DNA vaccines can be enhanced by using immune modulators [66] or using booster dose of the DNA vaccine or primary vaccination with a plasmid DNA vaccine followed by a booster dose with attenuated or viral vectored vaccine [109] .
Virus-Like Particles Based Vaccine
Virus-like particles (VLPs) is a replication-deficient viral particle that consists of the viral envelope protein (Gn and Gc), and N protein while lacking the viral infectious genetic material [110, 111] . The VLPs of RVFV were made from viral nucleoprotein, glycoproteins, or both [110] [111] [112] The VLPs are characterized by (1) a lack of the risk of virus replication and inactivation, (2) a morphological similarity to the virulent virus, (3) enhanced adsorption with cell wall and digesting in endolysosomes, (4) the stimulation of both MHC class I and class II responses, (5) the stimulation of cellular and humoral-mediated immune responses against RVFV [113] , and (6) antigen stability and immunogenicity as it produces neutralization antibody titer of 1:250 to 1:1250 in immunized mice and passes a challenge test against RVFV ZH548 strain [110, 114, 115] . The main disadvantage of the VLP vaccine is costs associated with mass production.
Glycoprotein-Based Subunit Vaccine
Subunit vaccines have the advantages of using viral protein or parts of viral protein which enhance the protective immune response. The subunit vaccine contains Gn/Gc and possesses a neutralizing antibody response to protect sheep and lambs against RVFV infection [116] . Additionally, Gn protein expressed in eukaryotic insect cells has enhanced immunity in lambs [98] . The nucleoprotein N of RVFV can be used for the development of subunit vaccine; however, it provides a partial immune response with a 60% protection of mice using a challenge test [94] . The vaccination with pure and crude RVFV surface glycoprotein induced strong neutralizing antibodies that completely protect against a challenge test. The subunit vaccine is highly safe for use in endemic areas and DIVA vaccine, but is poorly immunogenic and requires the use of booster doses [117, 118] .
Reverse Genetic Vaccine
The reverse genetic technology system helps in the management of complementary DNA (cDNA) copies of each RVFV genome segment in vitro for the generation of novel reverse genetic vaccines [49, [119] [120] [121] [122] . The production of attenuated recombinant RVFV vaccine has been established by a reverse genetic system (infectious clone system) [3, 110, 123, 124] . Laboratory studies carried out on the immune-evading role of non-structural viral proteins allow the creation of virus deficient for these proteins using reverse genetics technology. The virulent vaccines were developed and examined in rats and ruminants [102, [125] [126] [127] . Reverse genetic systems were used to generate new ZH501-derived mutant virus (rRVF-∆NSs:GFP-∆NSm ) with M-segment lacking the NSm gene and containing green fluorescence protein (GFP) in the NSs gene of the S-segment [102] . The rRVF-∆NSs:GFP-∆NSm virus is highly attenuated (due to the lack of NSs) and is highly immunogenic in rats challenged with RVFV at 28 days post vaccination after a single 1 × 10 3 or 1 × 10 4 pfu vaccination [102] . Additionally, DDvax vaccine (recombinant ZH501 strain), that encoding the deletions of NSs and NSm genes [rZH501-∆NSs-∆NSm] has shown protective efficacy in pregnant ewes, without causing any adverse effects in newborn lambs [125] . The reverse genetic vaccines have shown protective and immunogenic effects in sheep, rats, and mice without producing clinical signs. The single deletion mutant (∆NSs rRVFV) and double deletion mutant (∆NSs-∆NSm rRVFV) vaccines were shown to be immunogenic and safe in the marmoset (Callithrix jacchus), a non-human primate (NHP) model. These vaccines induced strong antibody response after a single dose without adverse reactions, clinical signs, or detection of infectious virus in vaccinated marmosets. Also, there were no detectable viremia or liver diseases in animals challenged with RVFV [128] . RVFV vaccines lack NSs gene and/or NSm gene with the insertion of a nonviral gene is useful to differentiate between naturally infected and vaccinated animals (DIVA test) as the vaccinated animals elicit antibodies against the inserted nonviral gene and do not elicit antibodies against deleted proteins [71] .
Prevention and Control of RVF Disease in Egypt
Once RVFV is established in a free area, it is difficult to be eradicated because of: (1) the presence of several routes of transmission, (2) the presence of several mosquito species that can transmit the virus, and (3) the replication of the virus inside the mosquito.
For Humans
There is no safe and licensed commercial vaccine available for the control of RVFV infection in humans until now. Some trials were conducted to produce safe human vaccines such as inactivated vaccines, including NDBR-103, [72] and TSI-GSD 200 [71] .
For Animals
The control of RVFV in animals in Egypt was based on detection of the disease, vector control, restriction of animal movement, and animal vaccination. Several vaccines were reported to be used for the control of RVF in Egypt including: (1) Formalin-inactivated vaccine with alum adjuvant (Menya/sheep/258) strain produced by VACSERA company in Egypt, (2) Binary ethylenamine inactivated vaccine with alum adjuvant (ZH501 RVF) strain, produced by Veterinary Serum and Vaccines Research Institute (VSVRI), and (3) Live Smithburn neurotropic attenuated strain produced by VSVRI [52] . The live-attenuated RVFV vaccine (Smithburn vaccine) is a Freeze-dried vaccine and produced using Vero cells at a concentration of 10 4 TCID 50/mL [52] . This vaccine has several disadvantages including (1) it is used only for immunization of sheep and goats (2) it is unsafe for pregnant animals and can cause abortions and birth defects, (3) it cannot be used during the breeding season of mosquitoes, which can extend to 12 months in Egypt due to ecological and environmental factors such as a warm winter, (4) vaccinated animals cannot be slaughtered within 21 days of vaccination, (5) not all vaccinated animals give a good antibody response to this vaccine, and (6) potential for reversion of RVFV to virulence in vaccinated animals [54, 76] .
In addition, the formalin or binary ethylenamine inactivated whole virion vaccine conjugated with aluminum hydroxide adjuvant also has some disadvantages including: (1) the vaccine preparation and the vaccination process is laborious, (2) the vaccine requires a long production time, (3) it requires biosafety level 3 laboratories, and (4) it needs annual booster doses which make it expensive and not practical in routine animal field vaccinations [82] . Interestingly, researchers compared Egyptian locally produced live attenuated and inactivated RVFV vaccines by using field trials on lambs and calves in Alexandria province of Egypt. They found that the inactivated vaccine was safe and gave similar protection in comparison to the live attenuated vaccine, especially with a booster dose administered after five months [129] .
Zagazig H501 inactivated strain was used to vaccinate RVFV susceptible animals such as cattle, buffaloes, sheep, goats, and camels. About 5.9 million doses of RVFV vaccines were used in 2014 compared to 7.3 million doses used in 2015 [26] . The RVFV vaccine coverage was 60%, 35%, 30%, and 30% for cattle, buffaloes, sheep, and goats respectively. Furthermore, the vaccine coverage in Egypt varies according to the province. For example, the vaccine coverage in cattle was 20% in Assiut province, 30% in the El-Sharquia, El-Behira, and Beni-Suef provinces [26] .
The Egyptian GOVs have banned the use of live attenuated-RVFV (Smithburn vaccine) since 2007 and have decided to use only the inactivated ZH501 vaccine for regular immunization against RVFV in animals. The inactivated vaccine has overcome the disadvantages of the live attenuated vaccine, such as abortion in pregnant animals and reversion to virulence. The GOVs have obtained the vaccine from the VSVRI, and immunize the animals for free.
Vaccination Regime of the Imported Animals to Egypt
Egypt has been frequently affected by RVF outbreaks which are mainly associated with the importation of animals from endemic sub-Saharan countries. Therefore, vaccination of the animals before importation or upon their arrival would help in the control of RVF epidemics. Between 2012 and 2015, approximately 762,291 camels were legally imported to Egypt: 79.4% from Sudan and 20.6% from Ethiopia. However, approximately 149,943 cattle were legally imported to Egypt: 67% from Sudan and 33% from Ethiopia [26] . Interestingly, cattle were slaughtered in quarantine facilities (no imported cattle were allowed to be released alive from the quarantine), while the camels were released from the quarantine to slaughterhouses or to animal markets. There was a low risk of RVFV transmission by vectors in many quarantine facilities including (1) Abu Simbel quarantine, where camels and cattle were imported from Sudan, (2) Sahl Hasheesh quarantine, where cattle were imported from Ethiopia, (3) Shelateen quarantine, where camels were imported from Eastern Sudan, and (4) Adabiya quarantine, where camels imported from Ethiopia. However, there was a high risk of RVFV transmission by vectors in Al Qata quarantine, where camels from Ethiopia arrived [26] .
Imported camels from Sudan usually enter the Abu Simbel and Shalateen facilities, remain in quarantine for 3 days and are vaccinated against RVFV upon arrival; while the imported camels from Ethiopia remained in Adabiya or Al-Qata quarantines for 10-16 days and received the first dose of RVFV vaccine 7 days before shipment to Egypt and a booster dose was administered upon arrival to the Egyptian quarantines. Additionally, imported cattle from Sudan received the first dose of RVFV vaccine in Sudan, whereas imported cattle from Ethiopia received the first dose of vaccine at Djibouti and the booster dose upon arrival to the Egyptian quarantine [26] .
Conclusion, Future Prospective and One Health Approach
RVFV is a highly fatal endemic viral disease in Egypt and was included by the OIE in the category A-diseases that have a potential of rapid and extensive spread. This disease causes severe economic losses in humans and animals in Egypt. RVF is characterized by complex epidemiology due to the involvement of multiple mosquito species in the transmission cycle. Therefore, this disease is a significant problem that requires collaboration between multidiscipline researchers from different organizations to control the disease in Egypt. In order to effectively control the disease in Egypt, we recommend an effective collaboration between GOVs, the ministry of health, epidemiologists, veterinarians, and stakeholders. Currently, the One Health approach is used for the management and understanding of animal, human, and environmental determinants of the disease through the collaboration and direct communication between veterinarians, occupational health physicians, and public health operators in order to control the RVF through improving the education system, status of thinking, legislation, and administrative structures. Recently, the One Health approach can save up to 35% of RVFV control costs [21] .
One Health approach of RVFV requires collaboration among: (1) medical and veterinary clinicians, diagnosticians, epidemiologists, and public health experts to perform rapid diagnosis, notification, treatment of the affected patients and animals, provide notices to minimize the risk of future disease spread among the affected species, (2) wildlife experts to understand the epidemiology of the disease in wildlife and its role in disease transmission, (3) entomologists to understand the vector biology, its role in RVFV epidemiology and to provide advice on vector control, (4) ecologists to determine the impact of the disease on the ecology and the environment, (5) economists and social scientists to assess the social and economic impact of RVF disease on the populations, (6) governments and decision makers to write policies and support funding required for the One Health approach, prevention, and control, (7) vaccinologists to develop and provide the vaccines for virus control, and (8) pharmaceutical industries for treatment (both human and animals) and vector control (repellents, insecticides, acaricides, and larvicides). The One Health approach includes: (1) using a safe and effective RVFV vaccine to vaccinate the susceptible animals under the supervision of the government in order to decrease outbreaks in humans, (2) the establishment of a strong and regular surveillance system and fast reporting program for the disease, (3) the hiring of well trained and professional personnel, (4) conducting epidemiological investigations to determine the risk factors, (5) the training of veterinary and medical health specialists on the diagnosis and management of suspected cases, (6) increasing public health awareness about the RVFV and its transmission, (7) breaking the virus transmission cycle by controlling the mosquitoes, and (8) controlling animal importation and quarantine for imported animals from Africa.
The World Health Organization (WHO) recommendations during RVF outbreaks are: (1) avoiding contact with infected animals especially their body fluids directly or via aerosols, which is considered as the most significant risk factor for RVF virus, (2) practicing hand washing, and wearing gloves to control animal-to-human transmission of RVFV, (3) avoiding consumption of infected raw milk or animal tissue, (4) using protective measures to avoid mosquito bites by using mosquito nets, personal insect repellent, light, and wearing colored clothing (long-sleeved shirts and trousers), and (5) avoiding outdoor activity such as camping at the peak biting times of the vectors mosquito in order to reduce human infection and deaths [29] . In conclusion, the One Health approach is required to mitigate outbreaks of RVF in Egypt. Further, the collaboration between veterinary, health, and environmental authorities both on national and regional levels is needed to control RVFV infection in Egypt. 
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